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Tubifex eggs contain two con®gurations of actin cytoskeleton (AC): a cortical thin shell of densely packed actin ®laments
and an endoplasmic loose network of actin ®laments. Here we show that microinjection of botulinum C3 exoenzyme
(ADP-ribosyltransferase) into Tubifex eggs disrupts the cortical AC, but not the endoplasmic AC. C3 exclusively ADP-
ribosylates a 24-kDa protein in the Tubifex egg, suggesting the involvement of this protein in the regulation of the cortical
AC. Among the actin-dependent processes that occur during maturation divisions and the ®rst cell cycle, only outward
migration of ooplasm (viz., early stage of the ®rst step of ooplasmic segregation) occurs in C3-injected eggs, although
migrating ooplasm is organized into patches rather than a continuous layer as observed in intact eggs. This ooplasmic
movement is inhibited by cytochalasin D treatments. These results suggest that the endoplasmic AC is able to move
ooplasm centrifugally in the absence of the cortical AC. In contrast, poleward movement of subcortical ooplasm along the
egg surface (viz., the second step of ooplasmic segregation) is completely abolished in C3-injected eggs, even though the
endoplasmic AC is present in the subcortical ooplasm. q 1996 Academic Press, Inc.
INTRODUCTION suggesting that it is capable of driving the poleward move-
ment of the underlying ooplasm (Shimizu, 1986). On the
Ooplasmic segregation in eggs of the freshwater oligo- other hand, the extent to which the endoplasmic AC located
chaete Tubifex is a process of accumulation of yolk-free in the yolk-free subcortical layer contributes to the second
ooplasm called pole plasm to the animal and vegetal poles step remains to be investigated. As for the mechanism of
and occurs following the second meiosis (Shimizu, 1995). the ®rst step, it remains unclear whether the cortical or
This process consists of two steps (Figs. 1C±1E). First, mito- endoplasmic AC, or both, is responsible for the outward
chondria and endoplasmic reticulum, which are major movement of ooplasm. This is because in intact eggs, it is
membranous organelles of the pole plasm, migrate from the dif®cult to differentiate the functional roles of the endoplas-
inner endoplasmic region outward and form a subcortical mic AC from those of the cortical AC during the ®rst step
layer devoid of lipid droplets and yolk granules (Fig. 1D). of ooplasmic segregation. Furthermore, nothing is known
The second step is the translocation of this subcortical about the possible contractile capability of the endoplasmic
ooplasm along the surface toward the pole; this poleward AC. One practical approach to investigating these problems
movement results in the localization of pole plasms at both would be to produce eggs in which the cortical AC, but
poles of the egg (Fig. 1E). not the endoplasmic AC, is selectively disrupted. So far,
The actin cytoskeleton (AC) has been implicated in these however, no satisfactory methods to realize this have been
ooplasmic rearrangements (Shimizu, 1982a, 1995). Tubifex proposed.
eggs contain two con®gurations of AC: one is a thin sheet Recent studies on mammalian cells have suggested that
of densely packed actin ®laments located at the cortex, and small GTP-binding proteins of the rho subfamily, which
the other is a loose network of actin ®laments located in include cdc42, rac, and rho, are key regulators of AC organi-
deeper parts (Shimizu, 1984). (These two organizations are zation (Hall, 1994). In Swiss 3T3 ®broblasts, rho has been
hereafter referred to as cortical and endoplasmic AC, respec- implicated in the formation of actin stress ®bers, whereas
tively.) During the second step of ooplasmic segregation, rac and cdc42 stimulate actin polymerization to produce
the cortical AC has been shown to be able to contract to- lamellipodia and ®lopodia, respectively (Ridley and Hall,
1992; Ridley et al., 1992; Nobes and Hall, 1995). These stud-ward the pole independently of the underlying cytoplasm,
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FIG. 1. Schematic representations of developmental stages of the Tubifex egg, from the second meiosis through metaphase of the ®rst
cleavage. Except for one undergoing the second polar body formation (B), meridional sections of eggs through the egg axis are presented.
The animal pole with polar bodies (open circles) is in the upper part. Dotted areas in (C±E) indicate the subcortical ooplasmic domains.
(A) Metaphase of the second meiosis (Metaphase II). The second meiotic spindle is located at the animal pole. (B) Second polar body
formation (2nd PBF). Note that the Tubifex egg undergoes dynamic surface deformation at this time (see Shimizu, 1995). (C±E) Two-step
ooplasmic segregation during the ®rst cell cycle. (C) Shortly after the second meiosis. (D) Thirty minutes after the second meiosis. The
formation of the subcortical ooplasmic layer (i.e., the ®rst step of ooplasmic segregation) is nearly completed. (E) 100 min after the second
meiosis. The poleward accumulation of subcortical ooplasm along the egg's surface (i.e., the second step of ooplasmic segregation) is
nearly completed. Note that the ®rst cleavage spindle seen at the center of the egg is monastral (see Fig. 2A; Ishii and Shimizu, 1995).
formed as described previously (Shimizu, 1986). Unless otherwiseies have not only shown that these three con®gurations of
stated, all experiments were carried out at 19±207C.the AC are generated through distinct signaling pathways,
Microinjection of C3 exoenzyme. C3 exoenzyme (Wako Purebut also demonstrated that using speci®c inhibitors, each
Chemical, Osaka, Japan) was dissolved at 50 mg/ml in an injectionof these pathways can be analyzed independently of others.
buffer (75 mM NaCl, 10 mM phosphate buffer, pH 7.0) containingOne of these inhibitors that has been used in previous stud-
0.5% fast green. Eggs that had been removed from the vitelline
ies is C3 exoenzyme (ADP-ribosyltransferase) produced by membrane on 1% agar were injected with2 nl of the C3 solution,
the bacterium Clostridium botulinum. This enzyme has which corresponds to 4% of the cell volume. Control eggs were
been known to ADP-ribosylate and, thereby, inactivate spe- injected with the buffer (containing fast green) without C3; the
ci®cally rho protein (Hall, 1994). When microinjected into buffer injection had no effect on the development of Tubifex eggs.
In some experiments, eggs were stained with 25 mg/ml rhodamineSwiss 3T3 cells, C3 inhibits assembly of stress ®bers, but
123 (Eastman Kodak) for 1 hr prior to microinjection of C3 or bufferdoes not prevent the organization of actin into lamellipodia
(Shimizu, 1986) and viewed by epi¯uorescence microscopy.and ®lopodia (Ridley and Hall, 1992; Ridley et al., 1992;
Nobes and Hall, 1995). C3 would also be a useful tool for
investigating AC organization in other systems, such as ani-
mal eggs. In fact, microinjection of C3 into sea urchin eggs
disrupts actin-containing contractile rings, but does not pre-
vent cortical actin assembly occurring shortly after fertiliza-
tion (Mabuchi et al., 1993).
Here we report that microinjection of botulinum C3
exoenzyme into Tubifex eggs disrupts the cortical AC,
but not the endoplasmic AC. We show that in C3-injected
eggs, the endoplasmic AC is able to translocate ooplasm
centrifugally by itself and that it is unable to cause the
poleward movement of subcortical ooplasm in the ab-
sence of the cortical AC.
FIG. 2. Fluorescence micrographs showing microtubule organiza-
tions in C3-injected eggs. Eggs were injected with C3 exoenzyme
shortly after the second meiosis, ®xed at 80 min (A) and 20 hrMATERIALS AND METHODS
(B), and processed for indirect immuno¯uorescence. (A) This egg
possesses an early metaphase spindle of the ®rst cleavage. This
spindle is morphologically normal in that it is monastral (see IshiiEggs. Eggs of the freshwater oligochaete Tubifex hattai were
obtained as described previously (Shimizu, 1982b). Tubifex eggs are and Shimizu, 1995); the arrow indicates the anastral spindle pole.
(B) This egg exhibits eight mitotic ®gures, two (indicated by aster-oviposited at metaphase of the ®rst meiosis and packed into co-
coons; they are believed to be fertilized during cocoon deposition isks) of which are out of focus here. The mitotic ®gures are each
composed of a prophase nucleus and a pair of asters. Composite of(Shimizu, 1982b). For the experiments, the eggs were all freed from
the cocoon in the culture medium. Centrifugation of eggs was per- four optical sections at different levels. Bar, 100 mm.
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FIG. 3. Fluorescence micrographs of isolated cortices stained with rhodamine±phalloidin. Eggs at late metaphase of the second meiosis
were injected with C3 exoenzyme (B) or buffer (C); cortices were prepared 30 min after injection. (A) A representative cortex at the time
of injection. All cortices shown include the animal pole; arrows in A and C indicate aggregates of F-actin characteristics of the animal
pole (see Shimizu, 1995). Bar, 10 mm.
Rhodamine±phalloidin staining. To examine F-actin organiza- were injected with C3, their height was reduced to about
tion, whole eggs and isolated cortices were stained with rhodamine± 1
2 of their original height within 15 min after the injection.
phalloidin (at 165 and 825 ng/ml, respectively) as described previously These eggs all remained ``¯at,'' compared with control eggs,
(Shimizu, 1986). Isolated cortices were prepared according to the for at least 24 hr and did not show any sign of surface con-
method of Shimizu (1985). In some experiments, the intensity of
tractile activity when control eggs underwent polar bodyrhodamine ¯uorescence within circular areas (100 mm in diameter)
formation (and its accompanying surface deformation; seeof the stained samples was measured by recording the duration of
Fig. 1B), ooplasmic segregation, and cleavages. In spite ofautomatic photographic exposures at an ASA setting of 3200.
such an external motionless appearance of these C3-in-Indirect immuno¯uorescence. To detect microtubules, eggs
jected eggs, mitotic spindles that were morphologically nor-were stained with anti-tubulin antibodies and FITC-conjugated sec-
ondary antibody according to the method described previously (Is- mal were formed, and mitosis occurred cyclically, produc-
hii and Shimizu, 1995). ing multinucleated eggs (Fig. 2); judging from the numbers
Glycerination and heavy meromyosin treatment. To identify of nuclei and asters found in C3-injected eggs, it appeared
actin ®laments in thin sections, eggs were glycerinated, treated that the cell cycle in these eggs continued at a rate compara-
with rabbit heavy meromyosin at 47C, and processed for transmis- ble to that in control eggs.
sion electron microscopy according to the method described pre-
viously (Shimizu, 1983).
ADP-ribosylation. Cytosolic protein extracts from Tubifex Effects of C3 Exoenzyme Injection
eggs were prepared as previously described (Shimizu, 1996) and on Actin Cytoskeletonincubated with 10 mM [32P]NAD/ (148 kBq) in the presence or ab-
sence of 10 mg/ml C3 exoenzyme in an ADP-ribosylation medium The reduction of surface tension in C3-injected eggs raises
(Morii et al., 1988) for 2 hr at 307C. Protein was precipitated with the possibility that cortical AC is structurally and/or func-
30% trichloroacetic acid, and labeled proteins were analyzed by tionally impaired in these eggs. To test this possibility, orga-
SDS±PAGE (using 12.5% gel) and subsequent autoradiography. nization of cortical F-actin was examined in rhodamine
(rh)±phalloidin-stained cortices isolated from eggs that hadRESULTS been injected with C3 during the second maturation divi-
sion (n  15) or the ®rst cell cycle (n  15).When Tubifex eggs during the second maturation division
(n 30; Fig. 1A) and the ®rst cell cycle (n 35; Figs. 1C±1E) As Fig. 3B shows, cortical actin is dramatically disorga-
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strati®ed into a protoplasmic layer together with membra-
nous organelles (Shimizu, 1986). Figure 4A shows rh±phal-
loidin-stained eggs that were centrifuged prior to injection
of C3 (left) and buffer (right). The protoplasmic layer in the
C3-injected eggs (n  20) appeared as bright as that in the
control eggs (Figs. 4A and 5A). Even in uncentrifuged eggs
(n 20), the intensity of rh±phalloidin ¯uorescence in yolk-
free ooplasm was comparable after injection of C3 and
buffer (Figs. 4B and 5B). These results suggest that a similar
amount of F-actin is associated with membranous organ-
elles in C3-injected and control eggs. The presence of actin
®laments in deeper parts of C3-injected eggs was also con-
®rmed by electron microscopy. As Fig. 6 shows, thin ®la-
ments decorated with rabbit heavy meromyosin are orga-
nized in a loose network associated with membranous or-
ganelles in both C3-injected and buffer-injected eggs.
Outward Migration of Ooplasm Occurs in the
Absence of the Cortical Actin Cytoskeleton
When eggs at metaphase of the second meiosis (see Fig.
1A) were injected with C3, they failed to undergo polar body
formation and its accompanying surface deformation, as de-
scribed earlier, but exhibited clumps of yolk-free ooplasm near
the surface at about 30 min after the second meiosis in the
control eggs. These clumps contained mitochondria (Fig. 7)
and F-actin (Fig. 8). The timing of the emergence of theseFIG. 4. Fluorescence micrographs of whole eggs stained with rho-
damine±phalloidin. Eggs were injected with C3 exoenzyme (left)
or buffer (right) and ®xed 30 min later. (A) Eggs at late metaphase
of the second meiosis. These eggs were centrifuged at 1700g for 20
min prior to injection. Note the strong signal in the protoplasmic
layer located under the centripetal lipid layer (L). (B) Eggs undergo-
ing the second step of ooplasmic segregation (about 60 min after
the second meiosis). Side (left) and animal pole (right) views. In the
C3-injected egg (left), the yolk-free ooplasm is organized in a ring
around the animal pole (arrow) in the animal hemisphere and as
patches in the vegetal hemisphere; note that this ooplasm is pre-
vented from poleward accumulation. Bars, 100 mm.
nized in C3-injected eggs. Compared with those in the con-
trol eggs (Fig. 3C; also see Fig. 3A), cortices isolated at 30
min after the C3 injection during the second maturation
division contained a much lower amount of F-actin and
exhibited only tiny dots that were stained with rh±phalloi-
din (Fig. 3B). Cortices isolated from eggs that had been in-
jected with C3 during the ®rst cell cycle also exhibited
¯uorescent tiny dots, but no actin ®laments (data not
FIG. 5. The intensity (arbitrary unit) of rhodamine ¯uorescenceshown). There was no sign of recovery of cortical actin ®l-
in the protoplasmic layer of centrifuged eggs (A; see Fig. 4A) andaments at least during 6 hr after C3 injection; cortices pre-
yolk-free ooplasmic layer of eggs undergoing ooplasmic segregationpared at 2, 4, and 6 hr after injection failed to exhibit actin
(B; see Fig. 4B). Eggs were injected with C3 exoenzyme (solid bars)
®laments. or buffer (stippled bars), ®xed 30 min later, and stained with 165
In contrast to cortical actin, endoplasmic AC associated ng/ml rhodamine±phalloidin for 1 hr. The ¯uorescence intensity
with cellular organelles did not appear to be affected by the was measured at three different points of each stained egg as de-
C3 injection (Fig. 4). A previous study has shown that in scribed under Materials and Methods. Each bar represents mean {
SD (n  30).centrifuged Tubifex eggs, a large part of endoplasmic AC is
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FIG. 6. Transmission electron micrographs showing the endoplasm of eggs injected with C3 exoenzyme (A) or buffer (B). At 30 min after
injection, eggs were glycerinated and treated with rabbit heavy meromyosin. Note heavy meromyosin-decorated actin ®laments associated
with membranous organelles (asterisks) and lipid droplets (L). Polarities of some ®laments are indicated by arrows. Bar, 0.2 mm.
ooplasmic clumps was not correlated with the length of time patches became indistinct (100±125 min in Fig. 7A; 110±
130 min in Fig. 7B) and were ®nally unrecognizable fromafter the C3 injection, but always coincided with the speci®c
time (i.e., 30 min after the second meiosis) during the ®rst cell the outside at 180 min. Figure 7C shows a control egg, in
which mitochondrial ¯uorescence became localized at thecycle.
The behavior of these ooplasmic clumps was followed in animal pole in a normal fashion (see Shimizu, 1986).
The emergence of ooplasmic clumps and their movementC3-injected eggs (n  20) that had been prestained with a
¯uorescent vital dye, rhodamine 123, known to be speci®c were susceptible to cytochalasin treatments. When C3-in-
jected eggs (n 10) were immersed in 50 mg/ml cytochalasinto mitochondria (Shimizu, 1986). During the ®rst 30 min
after the second meiosis, mitochondrial ¯uorescence at the D for 1 hr or longer, they failed to exhibit ooplasmic clumps
at the surface (not shown). Even in these eggs, mitosis con-egg's surface became stronger, and ¯uorescent ooplasm was
gradually organized into patches of various sizes (25 min in tinued cyclically, producing multinucleated eggs.
Fig. 7A). In some eggs (12/20 cases), ¯uorescent patches
were ®rst organized in a latitudinal ring located at the mid-
Poleward Ooplasmic Movement Is Haltedpoint between the animal pole and the equator (30±50 min
upon C3 Injectionin Fig. 7B). These patches often moved along the surface
and fused to adjacent patches, producing larger patches (50± When C3 was microinjected at 30 min after the second
meiosis or later, the poleward movement of subcortical75 min in Fig. 7A; 70±90 min in Fig. 7B). Thereafter, these
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FIG. 7. Fluorescence micrographs of living eggs that were stained with rhodamine 123 and injected with C3 exoenzyme (A and B) or
buffer (C). Animal pole view. Numerals at the upper right of each panel indicate time (min) after the end of the second meiosis in control
eggs. Bar, 200 mm.
yolk-free ooplasm (i.e., the second step of ooplasmic segre- DISCUSSION
gation) was halted rather promptly upon injection (Fig. 9).
The C3-injected eggs (n  25) failed to undergo subsequent
Selective Disruption of Cortical Actin Cytoskeletonpoleward accumulation of this ooplasm (compare Fig. 9A
with Fig. 9B); the yolk-free ooplasmic layer remained at the Tubifex eggs contain two con®gurations of AC: a cortical
position where it had been at the time of C3 injection or thin shell of densely packed actin ®laments and an endo-
expanded slightly toward the egg's equator. In some eggs plasmic loose network of actin ®laments. The present study
(9/25 cases), a part of the ooplasmic layer was found to be has demonstrated that the cortical AC, but not the endo-
fragmented and to move along the surface, sometimes to- plasmic AC, is disrupted by microinjection of C3 in the
ward the pole (see Fig. 9A, left and middle). Around the Tubifex egg. This suggests the presence of two distinct pop-
time when poleward accumulation of ooplasm in control ulations of actin ®laments in Tubifex eggs. It has recently
eggs was completed (Fig. 9B, right), the ooplasmic layer in been reported that stress ®bers in cultured mammalian cells
C3-injected eggs became indistinct (Fig. 9A, right) and ®- and contractile rings in sea urchin and Xenopus eggs, both
nally unrecognizable from the outside. of which are associated with the plasma membrane, are also
disrupted by this enzyme (Chardin et al., 1989; Paterson et
al., 1990; Ridley and Hall, 1992; Kishi et al., 1993; MabuchiC3 Exoenzyme ADP-Ribosylates Exclusively
et al., 1993). In view of the fact that the cortical AC in thea 24-kDa Protein in the Tubifex Egg
Tubifex egg is ®rmly attached to the plasma membrane, it
appears that the disruption of AC associated with theTo examine whether Tubifex eggs contain substrates for
C3, egg extracts that contained all ooplasm, except yolk plasma membrane by C3 is widespread in animal cells. On
the other hand, it is currently unknown whether the endo-granules and lipid droplets, were incubated with [32P]NAD/
in the presence or absence of this enzyme (see Materials plasmic AC in other animal eggs is affected by C3, although
eggs of star®sh, sea urchin, and Xenopus are reported toand Methods). As Fig. 10 shows, a 24-kDa protein in the
Tubifex egg extract was exclusively ADP-ribosylated by C3. contain endoplasmic ACs (Colombo et al., 1981; Coffe et
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Although it remains to be determined whether this protein
is rho, it is highly possible that ADP-ribosylation of the 24-
kDa protein by microinjected C3 gives rise to the dissolu-
tion of cortical AC in the Tubifex egg. Apparently, this
protein does not play a signi®cant role in the regulation of
endoplasmic AC. As discussed below, the endoplasmic AC
in C3-injected eggs appears to undergo reorganization that
triggers ooplasmic segregation, as in intact eggs.
The Role of the Actin Cytoskeleton
in Ooplasmic SegregationFIG. 8. Fluorescence micrographs of a C3-injected egg showing
colocalization of rhodamine 123 ¯uorescence for mitochondria (A) During maturation divisions and the ®rst cell cycle, Tubi-
and rhodamine±phalloidin ¯uorescence for F-actin (B). Animal pole fex eggs undergo several actin micro®lament-dependent
view. This egg was stained with rhodamine 123 for 1 hr prior to C3 processes, which include polar body formation, its accom-
injection at metaphase of the second meiosis, allowed to develop a
panying surface deformation, ooplasmic segregation (viz.,further 2 hr, and photographed (A); immediately thereafter, it was
outward migration and ensuing poleward accumulation of®xed with formaldehyde, stained with rhodamine±phalloidin, and
ooplasm), and ®rst cleavage (Shimizu, 1995; Ishii and Shim-photographed again (B). Bar, 200 mm.
izu, 1995). The present study has shown that among these,
only the outward migration of ooplasm occurs in C3-in-
jected eggs. This suggests that ooplasm translocates centrif-
ugally toward the egg surface in the absence of the corticalal., 1982; Elinson, 1983; Roeder and Gard, 1994; Heil-Chap-
delaine and Otto, 1996). AC. As suggested from cytochalasin experiments, this
ooplasmic movement in C3-injected eggs is apparently anIn mammalian cells, C3 is known to ADP-ribosylate and,
thereby, inactivate speci®cally the small GTP-binding pro- actin micro®lament-dependent process. Thus, it is conceiv-
able that the endoplasmic AC associated with cellular or-tein rho (Hall, 1994). In this study, a 24-kDa protein in the
Tubifex egg has been shown to be ADP-ribosylated by C3. ganelles is able to cause ooplasmic movement without the
FIG. 9. Fluorescence micrographs of living eggs that were stained with rhodamine 123 and injected with C3 exoenzyme (A) or buffer (B)
at 30 min after the second meiosis. Micrographs taken after injection: (left) 15 min, (middle) 35 min, and (right) 55 min. (A) Side view
showing the animal hemisphere. The animal pole is in the upper part. Note that ¯uorescent ooplasm (arrows) does not undergo poleward
movement, except for ¯uorescent patches (arrowheads) that move along the surface toward the animal pole. As ¯uorescent ooplasmic
domains become indistinct, the egg becomes ¯attened further (right). (B) Animal pole view. Fluorescent ooplasm accumulates to the
animal pole in a normal fashion (see Shimizu, 1986). Bar, 200 mm.
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(Shimizu, 1986), the cortical AC is not only capable of gen-
erating motive forces for the movement of yolk-free
ooplasm along the egg's surface, but also determines its
direction. Taking into account the presence of actin ®la-
ments that link the cortical and endoplasmic ACs (Shimizu,
1984), it is most likely that in intact Tubifex eggs, the corti-
cal AC drives the underlying ooplasm that is integrated by
the endoplasmic AC.
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